Consensus seeking -abandoning one's own judgment to align with a group majority -is a fundamental feature of human social interaction. Notably, such striving for majority affiliation often occurs in the absence of any apparent economic or social gain, suggesting that achieving consensus might have intrinsic value. Here, using a simple gambling task, in which the decisions of ostensible previous gamblers were indicated below available options on each trial, we examined the affective properties of agreeing with a group majority by assessing the trade-off between social and non-social currencies, and the transfer of social valence to concomitant stimuli. In spite of demonstrating near-perfect knowledge of objective reward probabilities, participant's choices and evaluative judgments reflected a reliable preference for conformity, consistent with the hypothesized value of social alignment.
task & procedure. The study used a simple gambling task in which each of six numbered slots on a game board yielded a hypothetical $1 reward with some probability. Participants were instructed at the beginning of the study that all monetary rewards were fictitious but should be treated as real. They were further told that, while they would receive initial training on the probabilities with which different slots yielded reward, they would not be told about any monetary outcomes during the actual gambling phase. They would, however, have access to decisions made by some "previous gamblers" given the same slot options, before making their choice on each gambling trial. The group of previous gamblers was stated to have been drawn from a cohort of students participating in the study during the previous academic quarter. Thus, participants made their gambling decisions given information about the norm judgment of their peers, as well as previously acquired knowledge regarding the expected pay-off associated with each available option.
In the first phase, participants were trained to criterion on the probabilities with which each slot yielded the hypothetical $1 reward. To ensure equal sampling in this phase, each slot was highlighted on 10 consecutive trials, indicating the availability of that slot only. When the participant pressed a key to select the highlighted slot, an image of a one-dollar bill or a red cross was displayed on the surface of the slot to indicate, respectively, whether or not the $1 reward was delivered. Following 10 trials with a given slot, participants were asked to rate the probability of reward for that slot. If they did not report the probability within 0.2 of the programmed probability, they had to repeat another 10 trials on that slot. After being trained on, and rating, each individual slot, participants were asked to rate the probability of reward for all slots. If they did not rate the probability of each slot within 0.2 of its programmed probability, they were required to repeat the entire pre-training phase. At the end of the experiment, to assess retention, participants again rated the probability of reward for each slot.
The pre-training phase was followed by a gambling phase, illustrated in Fig. 1 . On each trial in the gambling phase, participants chose between two available slot options, highlighted on the board and indicated by corresponding numbers printed on the left and right side of the screen. A panel of gray icons aligned beneath available options indicated the decisions of ostensible previous gamblers given the same choice. Previous gambler icons were split across available options with a randomly determined 5-6 out of 6 majority endorsing one of the two Figure 1 . Choice and feedback screens on a trial in the gambling phase of Experiment 1. Participants pressed the left or right arrow key to indicate their choice of one of two available slot options, highlighted on the game board and displayed, respectively, to the right and left of the participant's avatar. Following the selection, the participant's avatar moved below the selected option, flanking a set of additional avatars that indicated the decisions of a group of previous players given the same options.
Scientific RepoRts | (2019) 9:2154 | https://doi.org/10.1038/s41598-019-38560-4 available options. Once a participant pressed the left or right arrow key to indicate a selection, his or her personal avatar, displayed at the top center of the screen at the onset of the trial, moved below the chosen option to align with any previous gamblers already displayed beneath that option. To avoid additional learning during the gambling phase, participants were instructed that total earnings would not be revealed until the end of the experiment, but that they should assume that all outcomes were consistent with the reward probabilities established in the initial training phase. Two of the six game board slots had a 0.2 probability of reward, two had a 0.5 probability of reward, and two had a 0.8 probability of reward. Thus, on any given trial, there was no difference, a small ($0.30) difference, or a large ($0.60) difference in expected pay-offs between the two options available on that trial. Moreover, when there was a difference, the majority of previous gamblers endorsed either the option with a lesser pay-off or that with a greater pay-off. There were 24 trials with a small difference in expected pay-offs (on 12 of these the majority of previous gamblers chose the option with a lesser pay-off and on the remaining 12 they chose the option with a greater pay-off) and 24 trials with a large difference in expected pay-offs (again, the majority chose the option with a lesser pay-off on half of those trials and that with a greater pay-off on the other half). Finally, 12 trials were included in which the expected monetary pay-off was the same for both options, yielding a total of 60 trials. The order of trials was random, with the constraints that neither a majority endorsed option nor a greater expected value option could appear on the same side of the screen on more than 3 consecutive trials, and that a particular trial type could not occur on more than 3 consecutive trials.
Debriefing. Immediately upon completing the experiment, participants were informed that the decisions made by "previous gamblers" had in fact been generated by a computer algorithm, and were given the option to withdraw their data from the study in light of this information. All participants gave written consent to having their data included in the study after learning of the deception.
Computational model. The expected values of gambling options were formalized as the sum over the products of the probabilities and rewards of outcome states:
where a is the selection of a particular slot option, P(a,s′) is the probability of a particular outcome state, s′, given a, and R(s′) is the reward of s′. On each trial, each available slot option was associated with four possible outcome states: receiving $1 and agreeing with the decision of previous gamblers, receiving $1 and disagreeing with the decision of previous gamblers, receiving $0 and agreeing with the decision of previous gamblers, and receiving $0 and disagreeing with the decision of previous gamblers. Since probabilities of monetary reward were trained to criterion prior to the gambling phase, and the probability of majority affiliation could be deduced from the choice screen (see Fig. 1 ), P(a, s′) was initialized to, and maintained at, the true transition function for the events being modeled. Two variants of the expected value model were implemented. In the first, non-social, model, the reward associated with a particular outcome state, R(s′), was simply the expected pay-off associated with that state. To model the intrinsic value of conformity, an alternative model was also specified, in which the level of group agreement associated with a state served as a surrogate reward, such that
where m(s) is the hypothetical dollar amount associated with a slot option, c(s) is the relative size of the majority associated with an option and w is a free parameter reflecting individual differences in the value of conformity. For example, if a participant shows no preference between an option for which the probability of $1 is 0.2 and c(s) is 1.0, versus an option for which c(s) is 0.0 and the probability of $1 is 0.8, then for that particular participant, w should roughly equal $0.6. Both models assumed that participants select actions stochastically using probabilities generated by a softmax distribution, in which a free parameter, τ, controls the degree to which choices are biased toward the highest valued action. Thus, on each trial in the gambling phase, expected values were computed for the two available gambling options, using Equations 1 & 2, and the softmax rule was used to transform those values into choice probabilities, plotted, for each conformity and pay-off condition, in the left and middle panel of Fig. 2 . Free parameters were fit to behavioral data by minimizing the negative log-likelihood of obtained choices for each individual using MATLAB's fminsearchbnd function (MathWorks, 2017b), with upper-lower bounds of 0.01-1.01 for w (since the largest possible pay-off on a given trial was $1.00) and 0.01-100.00 for τ. The corrected Akaike information criterion (AICc) was used to select between models.
Results
Statistical tests included analyses of variance (ANOVA) as well as planned comparisons, employing two-tailed t-tests or two-tailed Pearson correlations, and were calculated using n = 30. Effect sizes (Cohen's d) and their confidence intervals are reported for all planned comparisons. Data and code are provided in the Supplementary Data.
Criterion checks at the end of the study confirmed that participants retained accurate representations of reward probabilities, with 97% of estimates falling within 0.1 of, and 92% of estimates being identical to, programmed probabilities. We also confirmed that participants were in fact incentivized by the hypothetical monetary payoffs: Collapsing across social and pay-off conditions, whenever payoffs differed across available slot options, participants chose the option with a greater payoff 75% of the time, significantly more often than chance, p < 0.0001. Revealing a clear modulation of this preference, a two-by-two ANOVA performed on the proportion of choices favoring the slot option with a lower expected pay-off, with the social decision associated with that slot option (conforming or dissenting) and the size of the difference in pay-offs between options (large or small) as factors, yielded a main effect of social decision (F(29) = 7.40, p < 0.05, ηp² = 0.20) and a main effect of the difference in pay-offs (F(29) = 17.88, p < 0.001, ηp² = 0.38), as well as a marginally significant interaction (p = 0.06). As can be seen in Fig. 2 , a comparison of model-derived choice probabilities with participants' actual choices suggests that the model that treats social alignment as a surrogate reward dramatically outperformed the non-social model. A statistical comparison confirmed this apparent difference; mean AICc scores were significantly smaller, indicating a better fit, for the social model than for the non-social model (t(29) = 4.07, p < 0.001, d = 0.60, 95% CI [0.08, 1.12]). The means and standard deviations of the best-fitting parameters, and of the associated negative log likelihoods, are listed in Table 1 . Specifically, as predicted only by the social model, and illustrated by the means in Fig. 2 , whenever the probability of reward differed across available options, participants were significantly more likely to chose the option associated with a lower pay-off if that option was endorsed by a majority of ostensible previous gamblers, whether the difference in pay-offs across options was large t(29) = 2.06, p < 0.05, d = 0.53, 95% CI [0.02, 1.05]) or small t(29) = 3.13, p < 0.005, d = 0.85, 95% CI [0. 33, 1.38] ). In other words, participants appeared willing to relinquish an alternative incentive in order to conform to the group norm.
An important consideration when interpreting these results is the fact that monetary rewards were hypothetical: It is possible, therefore, that the apparent willingness to pay a price for majority affiliation reflected a lack of awareness of, or failure to be incentivized by, monetary pay-offs. We consider this unlikely for a couple of reasons. First, because a large number of behavioral and neuroimaging studies have found similar effects of fictitious and real rewards [22] [23] [24] [25] [26] . Second, and more importantly, the results clearly demonstrated an overall preference for gambling options with greater pay-offs that increased significantly with the magnitude of the difference in pay-offs.
When the probabilities of reward were the same for both available options, participants on average chose the option endorsed by a majority of previous gamblers 66% of the time, significantly greater than chance; t(29) = 2.66, p < 0.05, d = 0.49, 95% CI [0.11, 0.88]. Importantly, these choice preferences did not depend on the degree to which a participant had learned or retained the pay-off probabilities: the accuracy of rated reward probabilities for all gambling slots obtained at the end of the study did not predict the degree to which participants favored options associated with conformity over dissent, p = 0.64, nor did it predict the difference in AICc scores between social and non-social algorithms, p = 0.94. Likewise, the free parameter w, which reflects individual differences in the value of conformity, was predicted neither by the accuracy of recalled reward probabilities at the end of the study, p = 0.97, nor by the number of training rounds required to learn those probabilities to criterion at the beginning of the study p = 0.54. Critically, the choice preferences reported above replicate those of an exploratory study (see Supplementary  Fig. S1 ), identical to Experiment 1 except that all decisions by ostensible previous gamblers were unanimous, and that ostensible others were simply referred to as "previous players", rather than stated to have been drawn from a cohort of students participating in the study during the previous academic quarter. The replication provides support for the robustness of our results.
By pitting conformity against an alternative incentive, Experiment 1 provided evidence for the hypothesized value of majority alignment. But how was that value established? Previous work has demonstrated that group agreement results in greater levels of experienced group membership 1,2 , greater monetary payoffs 27 , superior memory retrieval 28 and more accurate perceptual judgments 29 . Indeed, an aggregate of judgments by a group of individuals often outperforms that of any member of the group; a phenomenon referred to as the "wisdom of the crowd" 30 . Thus, the valence of apparently inconsequential social alignment may have been acquired through a history of contingent success and reward. While it is not practically possible to evaluate this hypothesis by tracing each individual's reinforcement history, a corollary and tractable prediction is that, once established, such valence should in turn "rub off " on any stimulus, contextual or interpersonal, associated with majority affiliation. This prediction is tested in Experiment 2.
Experiment 2
The ability of hedonic stimuli to transfer valence to neutral stimuli with which they are paired, termed conditioned reinforcement, has been studied extensively using a wide range of stimuli, species and procedures [31] [32] [33] [34] . Once established, previously neutral conditioned reinforcers can pass on their motivational significance to other neutral stimuli: For example, casino chips maintain gambling based on their association with monetary reward, which in turn obtains valence from its usefulness in acquiring primary rewards. One might expect, therefore, that any sufficiently valuable stimulus, no matter how abstract, should be able to induce conditioned reinforcement in associated arbitrary, initially neutral, stimuli. In Experiment 2, we assess the degree to which the valence of conformity and dissent decisions are transferred to concomitant stimuli. In particular, we explore how the rewarding properties of social conformity may modulate a previously demonstrated increase in the rated likability of visual stimuli paired with monetary reward, as well as the preference for such stimuli when placed in a novel choice context 35 .
A prominent theory of consensus seeking is that it reflects an attempt to escape from the cognitive dissonance 36 elicited by a mismatch between one's own judgment and that of other individuals 4, 15 . This account implies two things: First, if measured against a neutral baseline, valence associated with conformity and dissent should be asymmetric, since it is the negative affect associated with dissent that motivates conformity. Second, a direct experience of conformity or dissention, such that it is one's own decisions that conflict with those of others, should be required for affect to emerge. An alternative perspective is that states defined by high levels of agreement or dissent may have been symmetrically associated with gains and losses respectively, acquiring positive and negative valence accordingly. Moreover, features associated with agreement or dissent may elicit affect in the absence of any directly experienced conflict as when observing conformity, or lack therefore, among other individuals. In Experiment 2, to arbitrate between these accounts, we assessed the degree to which motivational significance is attributed to ostensible other individuals engaging in conforming and dissenting decisions.
Methods

participants.
Thirty undergraduates at the University of California, Irvine (23 females, mean age = 20.26 ± 2.01) participated in the study for course credit. All participants gave informed consent and the Institutional Review Board of the University of California, Irvine, approved the study. All aspects of the study conformed to the guidelines of the 2013 WMA Declaration of Helsinki.
task & procedure. As in Experiment 1, at the start of the study, participants were instructed that they would be playing a game in which they would be required to select between pairs of slots on a game board, with each slot yielding a fictitious monetary reward ($1) with some probability. Following initial training to criterion on the reward probabilities (identical to Experiment 1), participants were instructed that, before playing the game themselves, they would have an opportunity to learn more about the game by observing the choices of previous gamblers (as in Exp. 1, previous gamblers were stated to have been drawn from a cohort of students participating in the study during the previous academic quarter). On each trial in this "social learning" phase, participants were shown the game board with two highlighted available slots, the choices made by several previous gamblers (indicated, as in Experiment 1, by gray icons aligned below numbers corresponding to available slots), as well as a distinctly colored and named target gambler displayed at the top center of the screen (see Fig. 3A ). The assignment of colors and name-tags to target gamblers was randomized across subjects.
Participants were asked to predict the choices of the target gambler on each trial; following this prediction, a selection square appeared around the slot indicated by the participant while the target gambler moved below the slot number they had ostensibly selected on that trial (either the same or opposite of that predicted by the participant), aligning with any non-specific gamblers already displayed beneath that option. The choices of non-specific previous gamblers (i.e., the panel of gray icons beneath a relevant option) were split across available options with a randomly determined 4-6 out of 6 majority. As in Experiment 1, there was either a zero, small ($0.30) or large ($0.60) difference in expected pay-offs between available slot options on each trial, with the majority of non-specific gamblers selecting the option with a greater pay-off on half of the trials and that with a lesser pay-off on the remaining trials. Critically, three target gamblers were in agreement with the majority of other gamblers on all trials, while the remaining three target gamblers dissented on all trials. Thus, participants were able to predict the decisions of target gamblers based on the distribution of non-specific previous gamblers across available options. Finally, participants were instructed that, while no monetary outcomes of gambling decisions would be shown in the social learning phase, they should assume that the outcomes of the target gamblers' choices reflected the reward probabilities established in the initial training phase. The number of trials with each possible pair of slot options was the same for conforming and dissenting target gamblers and is listed in Table 2 . In each of nine blocks of 6 trials, both conforming and dissenting target gamblers chose slot options that yielded monetary reward with high (0.8), medium (0.5) and low (0.2) probabilities. Additional trials in which both conforming and dissenting gamblers always chose the option with a low reward probability were presented in 3 separate blocks, each with six trials, intermittently distributed throughout the sequence of blocks. As a result of these contingencies, by the end On the subsequent screen, the participant's selection was indicated by a square around the chosen option, the target gambler's avatar moved below the option ostensibly selected by the target gambler, flanking a set of additional avatars that indicated the decisions of several non-descript players given the same options, and accuracy feedback was displayed center-screen. (B) Choice and feedback screens on a trial in the gambling phase. Participants pressed the left or right arrow key to select one of two slot options drawn from a set of novel options with unknown reward probabilities. On critical trials, a conforming and dissenting target gambler from the previous phase respectively endorsed each slot option. On the feedback screen, the participant's selection was indicated by a square around the chosen option. Table 2 . Possible pairings of slot reward probabilities into two-alternative forced choice scenarios during the social learning phase of Experiment 2, with the number of instances each scenario was presented to target gambler associated with high ($5.9), medium ($4.7) and low ($3.5) cumulative gain. The first number in a pair (e.g., 0.8 in 0.8-0.5) is the reward probability of the slot selected by the target gambler and the second number that of the alternative slot available on the trial. of the social learning phase, one target gambler from each social condition (conformity and dissent) was respectively associated with a cumulative reward of $5.9, $4.7, and $3.5. Following the social learning phase, participants were asked to rate the likability of the six target gamblers on a scale from 0 (not at all likable) to 10 (extremely likable). They were then instructed that they would have an opportunity to gamble themselves, but to do so on a novel set of slots. Specifically, as illustrated in Fig. 3B , the game board used in the social learning phase was now flanked by three additional slots on each side, for a total of six new slots, thus creating a novel choice context. On each trial, two target gamblers from the social learning phase were shown respectively beneath the two available slot numbers, indicating their endorsement of that particular option.
There were 15 possible combinations of target gamblers, with each combination being repeated 8 times for a total of 120 block randomized trials. On critical trials, one available option was endorsed by a "conforming" target gambler and the other option by a "dissenting" target gambler, with the cumulative pay-off from the social learning phase being greater for either the conforming or the dissenting target gambler. Participants pressed the left or right arrow key to select between slots, for the instructed purpose of maximizing reward. They were informed that all monetary earnings would be revealed at the end of the study.
As in Experiment 1, following the gambling phase, participants again rated the probability of reward for each slot option, as well as the degree to which each target gambler had agreed with the majority of previous gamblers in the social learning phase, on a scale from 0 (never) to 10 (always). All participants were debriefed upon completing the study, using the same debriefing protocol as in Experiment 1.
Computational model. Changes in the valence of target gamblers were formalized by an error-driven algorithm 37,38 that incrementally updated the value of a target gambler proportional to the difference between observed and expected values on each trial. Specifically, on a given trial, the change in the value of a particular target gambler, ΔV(s), was defined as:
where α is a learning rate parameter and s represents the identifying color and name tag of a particular target gambler. R(s′) was defined, as in Experiment 1, for a conventional, non-social, model as well as a social model that treats conformity as a reward surrogate. Recall that, on each trial in the "social learning" phase, a particular target gambler was paired with a particular slot outcome and with either conformity or dissent from a group majority. Critically, we assume that each slot option has acquired a value proportional to its reward probability during the initial pre-training phase (while not explicitly modeled, this transfer of valence is fully accounted for by the algorithm specified in Equation 3 ). We further assume that, while participants did not directly experience trial outcomes during the "social learning" phase, they learned through observation to associate target gamblers with the values of those trial outcomes (see Cooper et al. 39 for a similar model of vicarious learning). Thus, on each trial in the "social learning" phase, the value of the target gambler present on that trial was updated with an amount proportional to the difference between the initial value of that target gambler and the reward probability (and conformity level) of the slot outcome on that trial (i.e., the prediction error specified on the right hand side of Equation 3). In the gambling phase, Equation 1 was again used to generate expected decision values, with s′ being defined as the target gambler associated with a particular slot option, and with the value, V(s′), of that target gambler, acquired during social learning, replacing R(s′). Note that, while participants made a prediction on each trial in the social learning phase about which slot option a particular target gambler would select, the underlying affective learning addressed by Equation 3 is instead the incremental acquisition of value by target gamblers based on their repeated pairing with high vs. low slot reward probabilities, and with conformity vs. dissent.
As in Experiment 1, a softmax rule was use to generate choice probabilities (plotted in Fig. 4) , and free parameters were fit to data by minimizing the negative log-likelihood of choices made in the final gambling phase, as participants selected between slot options endorsed by different target gamblers. Thus, the greater the value of w, the greater the value acquired by a conforming target gambler in the social learning phase, and the greater the probability of choosing a slot option endorsed by that gambler in the subsequent gambling phase. Fits were performed using MATLAB's fminsearchbnd function (MathWorks, 2017b), with upper-lower bounds of 0.01-0.99 for α, 0.01-1.01 for w, 0.01-100.00 for τ. The corrected Akaike information criterion (AICc) was used to select between models.
Results
Statistical tests included ANOVAs as well as planned comparisons, employing two-tailed t-tests or two-tailed Pearson correlations, and were calculated using n = 30. Effect sizes (Cohen's d) and their confidence intervals are reported for all planned comparisons. Data and code are provided in the supplementary dataset.
The mean rated likability of each target gambler, obtained following the social learning phase, is presented in Table 3 , together with corresponding model-derived state values, V(s). A two-by-three ANOVA performed on the likability ratings, with social decision and cumulative gain as factors, revealed a significant main effect of social decision (F(29) = 19.50, p < 0.001, ηp² = 0.40) but no effect of cumulative gain (p = 0.23) and no interaction (p = 0.42). Planned comparisons revealed that mean ratings deviated significantly from the neutral point (5) on the rating scale for both conforming (t(29) = 5.04, p < 0.0001, d = 0.92, 95% CI [0.50, 1.37]) and dissenting gamblers (t(29) = 2.92, p < 0.01, d = 0.54, 95% CI [0.15, 0.0.93]); that is, social valence changed in both a positive and negative direction. In the final gambling phase, when target gamblers associated with the same amount of cumulative reward endorsed different slot options, participants' preference for the option endorsed by a gambler associated with conformity over one associated with dissent was significantly greater than chance; 69%, t ( As noted, we attribute both likability ratings and choice preferences to changes in the affective valence of target gamblers respectively associated with conformity and dissent: In other words, we conjecture that the preference for gambling options endorsed by target gamblers associated with conformity reflects an increase in the motivational salience, or value, of those players. Consistent with this interpretation, choice preferences were significantly predicted by differences between conforming and dissenting target gamblers in likability ratings, p < 0.001. Importantly, the above results did not reflect a failure to learn or retain the reward probabilities associated with different slot options: participants' ratings of reward probabilities at the end of the study were highly accurate, with 97% of estimates falling within 0.1 of, and 91% of estimates being identical to, programmed probabilities. Moreover, to the extent that they existed, deviations of estimations from programmed reward probabilities did not predict individual differences in either preference for (p = 0.20) or likability of (p = 0.57) conforming gamblers. Participants were also clearly able to discriminate between conforming and dissenting target gamblers, t(29) = 8.14, p < 0.0001, d = 2.76, 95% CI [2.05 3.46]; however, their ability to do so predicted neither differences in the likability of conformity and dissent gamblers, p = 0.53, nor their preference for options endorsed by conformity gamblers, p = 0.38.
A two-by-two ANOVA performed on the proportion of choices favoring options endorsed by target gamblers associated with lower cumulative reward, with social decision (conforming or dissenting) and the difference between target gamblers in cumulative gain (small or large) as factors, revealed a main effect of social decision (F(29) = 9.11, p < 0.01, ηp² = 0.24) but no main effect of the difference in cumulative gain (p = 0.90), and no interaction (p = 0.53). Specifically, as predicted only by the computational model that treated conformity as a surrogate reward, and illustrated in Fig. 4 , when the history of conformity as well as of cumulative payoffs differed across target gamblers endorsing different options in the final gambling phase, participants chose the option endorsed by the target gambler associated with a lesser payoff significantly more often if that gambler had a history of making conforming decisions, whether the difference in cumulative payoffs was small, t(29) = 2.56, p < 0.05, d = 0.91, 95% As with differences in likability ratings and overall preferences, differences in AICc scores between the non-social and social model were not predicted by differences in the acquisition or retention of slot reward probabilities, p′s > 0.14. Moreover, differences in learning rates derived from the social model predicted neither likability ratings, p = 0.72, nor choice preferences, p = 0.63. Finally, the value of the w parameter was predicted neither by the accuracy of recalled reward probabilities at the end of the study, p = 0.56, nor by the number of training rounds required to learn those probabilities to criterion at the beginning of the study p = 0.83. It might be argued, however, that in spite of the relatively large differences in slot reward probabilities, differences in the cumulative gain associated with conforming and dissenting target gamblers, based on their ostensible decisions in the social learning phase, were too subtle to be discernable, or deemed relevant, to participants in the subsequent gambling phase. To address this possibility, the gambling phase included trials on which both target gamblers were equally associated with either conformity or dissent, differing solely in terms of the monetary rewards accumulated in the social learning phase. On such trials, participants showed a significant preference for the option endorsed by a gambler associated with greater cumulative monetary gain; mean preference = 0.59 ± 0.21, t(29) = 2.29, p < 0.05, d = 0.42, 95% CI [0.04, 0.80].
The likability ratings and choice preferences reported above replicate those of an exploratory study (n = 20), identical to Experiment 2 except that differences between target gamblers in cumulative monetary reward were less pronounced (i.e., $5.3, $4.7 and $4.1 for high, medium and low cumulative gain) and that ostensible others were simply referred to as "previous players", rather than stated to have been drawn from a cohort of students participating in the study during the previous academic quarter. The choice preferences from the gambling phase of the exploratory study are presented in Supplementary Fig. 1 . A similar pattern of results was also obtained in a related experiment that used a courtroom cover-story, in which participants showed greater preference for, and increased rated likeability of, courtrooms in which their judgment of a particular court-case agreed with a unanimous jury decision, over courtrooms in which their judgment had differed from that of a unanimous jury 40 . Together, these replications provide support for the robustness and generalizability of our findings.
Discussion
In two experiments we investigated the affective properties of agreeing or disagreeing with an ostensible group majority, by pitting conformity against a non-social incentive, and by assessing the transfer of social valence to concomitant stimuli. Using computational cognitive modeling to formalize the role of conformity in value-based decision-making, we found that models that treat agreement with a group majority as a surrogate reward provide a better account of choice preferences than do conventional algorithms. In Experiment 1, when the probability of a fictitious monetary reward differed across available options, participants chose the option associated with a lesser pay-off significantly more often if that option was endorsed by a majority of ostensible previous gamblers. In Experiment 2, participants demonstrated a preference for options endorsed by, and reported a greater likability of, gamblers that had a history of agreeing with majority decisions over gamblers that had a history of dissent, even when dissent gamblers were associated with greater cumulative reward. Critically, these effects were not predicted by participants' near perfect ability to accurately recall the objective reward probabilities.
An important caveat for interpreting these results is that the monetary outcomes in our studies were hypothetical. The use of fictitious money is prevalent throughout the decision sciences, with direct comparisons showing equivalence to real monetary rewards at both behavioral and neural levels [22] [23] [24] [25] [26] . For example, Beattie and Loomes 41 found that using real vs. fictitious monetary incentives did not significantly alter the common ratio effect -a classical violation of economic axioms -with analogous results reported for temporal discounting, preference reversals and framing effects 23, 25, 42 . Note that, rather than simply assuming, based on such findings, that participants in our study were incentivized by fictional monetary outcomes, we empirically demonstrated this value by showing a 75% overall preference for gambling options with a relatively greater pay-off. Thus, while we have not shown that people are willing to incur a real monetary loss to conform, we do provide evidence that they are willing to trade social alignment against a demonstrably rewarding alternative. Nonetheless, the use of hypothetical monetary pay-offs makes it difficult to generalize our results to real-world economic decisions. Further work is needed to explore the influence of real monetary incentives on the effects reported here.
While there are several possible sources of affect associated conformity and dissent decisions, including reinforcement history, cognitive dissonance 4, 15, 43 and uncertainty aversion [44] [45] [46] [47] , it is important to note that informational inferences may also shape behavior independently of valence [48] [49] [50] [51] . Thus, in spite of demonstrating clear knowledge of reward probabilities, participants may have made inferences about the outcome of a given trial based on the number of individuals endorsing a particular option. Such inferences, potentially formalized by a Bayesian extension of expected value computations, could serve to reduce cognitive effort, since group norms were displayed on the screen while reward probabilities had to be retrieved, or to reduce uncertainty due to the stochastic nature of the task. Although we acknowledge these possible sources of conformity, we consider them unlikely for two main reasons: First, because the accuracy of rated reward probabilities predicted neither differences in conformity choices, nor conformity-based affective changes -it seems plausible that an informational influence of group norms would be related to the quality of contingency knowledge. Second, we found the same pattern of results in a similar previous study in which trial-by-trial feedback about the, at chance, accuracy of the majority opinion was provided 40 .
Another important consideration is how ostensible previous gamblers were perceived by participants, particularly given their often suboptimal decisions: In Experiment 1, the majority of ostensible others choose an option with a lesser expected monetary pay-off than its alternative on 40% of trials; in Experiment 2, even target gamblers with high levels of cumulative gain choose an option poorer than its alternative on 30% of trials. In contrast, participants in Experiment 1 choose a poorer option on only 20% of trials (averaged across conforming and dissenting decisions). One possibility is that participants attributed the performance of ostensible others to their level of expertise. Notably, while participants were told that they needed to rate slot reward probabilities with a high level of accuracy in order to proceed with the task, they were not informed of the accuracy criterion, nor of the actual probabilities, allowing for the inference that poor decision-makers, while able to make it through the task, had an inferior understanding of the reward structure. Further work is needed to explore how the optimality of other's decisions influences their perceived expertise, as well as inferences about their degree of conformity. Of course, factors relevant to informational conformity, such as majority size and expertise, are also likely to shape hedonic aspects of social alignment. For example, in Equation 2, we assume that the influence of majority size on value is linear. However, previous work assessing the relationship between majority size and conformity has been equivocal, with some observing a curvilinear influence (e.g. 52 ), others reporting a linear relationship 53 and yet others identifying a diminishing function with "each additional majority member producing a smaller increment in conformity" 54 . In Experiment 1, the majority varied only from 5 to 6 (out of 6) group members, which is not enough variability to assess linearity. Nonetheless, it is important to consider how the size of a majority opinion might shape the reinforcement signals associated with conformity. Certainly, differences in both the size and expertise of a group may have shaped past reward contingencies and, as such, come to differentially predict the value of conforming. For example, agreement with a small minority of experts may have a richer history of reward than agreement with a large majority of lay people. Formally, these issues might be addressed by replacing c(s) in Equation 2 with a power function, the exponent of which characterizes the shape of the relationship between majority size, or expertise, and value.
Our work contributes to a growing literature on social cognition and reward learning. It should be noted, however, that a formal application of reward-related algorithms to social conformity is often lacking in such studies. For example, while Klucharev et al. 4 interpreted neural responses to disagreeing with a group norm as a reinforcement learning signal, they did not do any cognitive modeling, nor did they assess any form of reward learning or reward-based behavior. Others have focused on the application of reinforcement learning algorithms to vicarious learning, particularly with respect to the representation of self-vs. other-referenced reinforcement signals (e.g. 55 ). Some, however, have addressed questions more closely related to those investigated here, using economic decision-making tasks in which participants select between options given trial-specific information about the choices, outcomes and even confidence levels of other individuals 51, 56 . A critical difference between these studies and ours is that, while we trained participants to criterion on slot reward probabilities, they provided participants with little or no information about the true outcome distributions of available options. In the absence of such information, the decisions of others become a viable substitute, and the cost of conforming is unknown. In contrast, our study systematically pits the desire to confirm against an alternative incentive.
Another novel aspect of the current findings is the transfer of social valence to concomitant stimuli, demonstrated by the likability ratings and choice preferences in Experiment 2. Notably, while accounts of social conformity based on cognitive dissonance or uncertainty aversion focus exclusively on negative affect associated with dissent, likeability ratings obtained in Experiment 2 suggest that such affective changes are also driven by a positive valence associated with social alignment. From a reward learning perspective, just as the act of dissenting from a group majority may acquire negative valence through a history of being paired with dissonance or uncertainty, the act of conformity should likewise acquire positive valence through its association with reinforcing consequences, such as social approval, access to group resources, and superior perceptual and economic decisions 1, 2, [27] [28] [29] 31, 32 . Thus, a reward-based perspective accounts for the development of social valence in both directions, as well as for the further transfer of that valence to neutral stimuli that coincide with conforming and dissenting decisions, demonstrated here. It should be noted, however, that likeability ratings and gambling decisions in Experiment 2 were based on the behavior of ostensible other individuals, and that much stronger negative affect might have emerged if participants' own decisions had been contrasted with that of the group majority. Indeed, in our previous study, in which participants' judgments about courtroom cases directly agreed or disagreed with a unanimous jury, we found a significant likability shift only in the negative direction 40 . Further work is needed to determine the symmetry of valences associated with conformity and dissent.
Consistent with the notion that majority affiliation serves as a positive reinforcement signal, several neuroimaging studies have found greater activity in the ventral striatum (VS), a region known for encoding a reward prediction error 18, 57, 58 , when individuals make judgments that agree with those of a group norm relative to judgments that disagree 4, 6 . However, in the absence of baseline measures, it is difficult to discern the directionality of such VS responses to social feedback, and indeed, Klucharev et al. 4 interpreted the effect as a deactivation of the VS in response to the aversiveness of diverging from the group norm. While Klucharev et al. 's perspective is supported by studies showing decreased VS activity in response to aversive stimuli [59] [60] [61] , others have found that the VS is bivalent, with activity increasing in response to both appetitive and aversive stimuli [62] [63] [64] [65] , or even nonvalent, with activity increasing to neutral but surprising stimuli 11, 12 . Nevertheless, greater VS activity in response to agreement than to dissent is broadly consistent with the notion of a positive reward prediction error, elicited by the hedonic properties of social conformity.
Interpretation of VS signals is further complicated, however, by the bi-directionality of dissent employed by the relevant studies: a group's rating of a stimulus' subjective value (e.g., the attractiveness of a face or desirability of a food) may be either greater or lesser than a participant's rating. While both types of deviation have been shown to deactivate the VS as group norms are revealed, Zaki et al. 9 found that, during subsequent re-exposure to rated stimuli, activity in the VS, as well as in the medial orbitofrontal cortex, scaled with the signed difference between the participant's rating and the group norm (similar results have been observed by others, in the ventromedial prefrontal cortex 6 as well as the VS 8 ). Such signed signals, which were consistent with the direction of changes in behavioral ratings, could reflect a retrieval of the previously experienced divergence from the group norm, or new stimulus values that had been error-adjusted towards the group reference. They are not consistent, Scientific RepoRts | (2019) 9:2154 | https://doi.org/10.1038/s41598-019-38560-4 however, with a reinforcement signal encoding the hedonic valence of majority alignment, which should simply increase in response to stimuli paired with the positive hedonics of conforming decisions and decrease in response to stimuli associated with the aversiveness of dissent. Notably, conventional demonstrations of reinforcement learning in the VS primarily entail increased activity in response to unexpected reward and, critically, the transfer of such responses to stimuli associated with reward -that is, an increased signal in response to a stimulus that is repeatedly paired with a rewarding outcome (e.g. 58 ) -consistent with the affective changes demonstrated in Experiment 2. Of course, no strong inferences can be drawn about the nature of VS signaling based on our purely behavioral studies. Further neuroscientific work is needed to determine how the current results relate to the neural bases of social conformity.
In conclusion, we have used conventional measures of subjective value to explore the affective properties of conforming and dissenting decisions. Our results suggest a common value-scale for social and non-social currencies, and an ability of conforming decisions to imbue concomitant stimuli with affective significance. These findings expand on a conventional characterization of majority alignment as being either normative or informational, and contribute to a growing literature on the integration of social and motivational processes.
